Inactivation of the tumor suppressor protein p53 by mutagenesis, chemical modification, protein-protein interaction, or aggregation has been associated with different human cancers. Although DNA is the typical substrate of p53, numerous studies have reported p53 interactions with RNA. Here, we have examined the effects of RNA of varied sequence, length, and origin on the mechanism of aggregation of the core domain of p53 (p53C) using light scattering, intrinsic fluorescence, transmission electron microscopy, thioflavin-T binding, seeding, and immunoblot assays. Our results are the first to demonstrate that RNA can modulate the aggregation of p53C and full-length p53. We found bimodal behavior of RNA in p53C aggregation. A low RNA:protein ratio (ϳ1:50) facilitates the accumulation of large amorphous aggregates of p53C. By contrast, at a high RNA:protein ratio (>1:8), the amorphous aggregation of p53C is clearly suppressed. Instead, amyloid p53C oligomers are formed that can act as seeds nucleating de novo aggregation of p53C. We propose that structured RNAs prevent p53C aggregation through surface interaction and play a significant role in the regulation of the tumor suppressor protein.
In 1989, 10 years after the identification of its gene, p53 2 was classified as a tumor suppressor protein. Since then thousands of studies have been dedicated to understanding p53's function, or rather the loss of such, which has been directly linked to more than half of all human cancers and Ͼ95% of all lung cancers (1) . In about half of all p53-related tumors, loss of p53 function is the direct consequence of specific mutations in the p53 gene. In all other cases the tumor suppressor protein is inactivated through various interactions; some viral and others of host cell origin (2, 3) .
A flexible phosphoprotein composed of 393 amino acids, p53 is only functional in the form of a homo-tetramer. The N terminus, also known as the transactivation domain ( Fig. 1) , is intrinsically disordered and separated from the remainder of the protein by a proline-rich region. It is the preferred site of interaction for many proteins, such as the human double minute 2 homolog (MDM2). Residues 94 -312 encompass the region responsible for the primary function of p53; that is, sequence-specific DNA binding. It is referred to as the central core domain (CCD) and is commonly designated as p53C. This region of p53 has the highest concentration of cancer-related mutations (4) and is characterized by a high propensity to aggregate in an amyloid-like fashion (5) . p53C also shows considerable overlap with disease-causing p53 isoforms described below. All of these properties make p53C a suitable model system for p53 research, which has been used extensively in earlier studies. The p53C domain is followed by a tetramerization domain and finally a regulatory domain, also shown to bind DNA but nonspecifically (6) .
A major component of a complex network of molecular interactions and cellular quality control processes, p53 has been speculated to perform a multitude of biochemical functions. It is only activated when cells are stressed or damaged. In such situations p53 interacts with specific DNA sequences and induces the transcription of adjacent genes, the products of which lead to cell cycle arrest or apoptosis (3) . p53 abundance and transcriptional activity are the subjects of multifactorial regulation. The human gene TP53 expresses 12 different p53 isoforms with varied sequences and properties. The p53C is the predominant constituent of the isoforms ⌬133p53␤, ⌬133p53␥, ⌬160p53␤, and ⌬160p53␥ (7) , which play significant roles in the regulation of full-length p53 expression (8) and behavior in cancerous and normal cells (9, 10) . Their relative mRNA expression varies in different tissues and has been correlated to stress response and p53 activation (11) . Additionally, various chemical modifications, such as acetylation, phosphorylation, glycosylation, and ubiquitination, promote key conformational changes in p53, thereby stabilizing the protein, labeling it for degradation or altering its affinity toward DNA and its functional partners (3, 12) . Apart from modifications, the stability and activity of p53 also depend on its interaction with other proteins. Some of them, like MDM2, deactivate p53 so that the cells do not remain arrested indefinitely. Alternatively, p53 interaction with the oncoproteins of some DNA viruses renders them inactive or marked for degradation (2) . Being a eukaryotic transcription factor, p53 naturally contains nuclear-export and -import signals essential for its cellular localization. This is yet another avenue for p53 regulation in the cell (13) .
Already in 1992 the transmission of the dominant-negative effect of p53 through hetero-oligomerization was suggested by Lane (14) . According to this model the presence of mutant or destabilized p53 monomers reduces the affinity of the tetramer for consensus DNA, making it less stable at physiological temperatures (15, 16) , thereby increasing the population of partially unfolded, intermediate species prone to aggregation (17) . These metastable conformers closely resemble misfolded p53 mutants identified as key contributors to tumor development (18) . In comparison to the major prion protein PrP, p53 mutants and p53C display high propensity for aggregation (19) . The ability of misfolded p53C to aggregate in an amyloid fashion (5, 20) and to penetrate eukaryotic cells via micropinocytosis and sequester intracellular native p53 (21) is consistent with a prion-like mechanism of propagation, which was proposed to have evolved as an additional control mechanism of p53 proteostasis (20, 22) . Which cellular factors contribute to the prion-like behavior of p53 is unclear (22) ; however, studies on canonical members of the prion family, such as PrP, point toward the contribution of nucleic acids in this process (23) .
Functional prions as well as disease-associated prion-like proteins have long been known to associate with nucleic acids, particularly RNA (24) . After p53 was isolated in a complex with ribosomal RNA (25) and was shown to bind and repress the translation of its own mRNA (26), p53-RNA interactions have drawn substantial attention for scientific investigations (27, 28) . Although the majority of RNA binding appears to involve at least 30 C-terminal residues of the protein, p53 lacking the regulatory domain has also shown affinity for RNA even at high salt concentrations (29) . These observations led to several hypoth-eses on the functional aspects of the interaction. Among those, latent p53 reactivation, mRNA-linked nuclear export, competition with consensus DNA sequences, and RNA-p53-MDM2 ternary complex formation seem to bear the hallmark of a mechanism akin to the intricate p53 regulatory network.
Here we have studied the role of RNA of various origin and sequences on the aggregation of wild-type human p53C using Rayleigh light scattering (LS), fluorescence, immunoblotting, and cryo-transmission electron microscopy (TEM) assays. To understand the biological relevance of our observations, we have also studied the aggregation of full-length p53 (FLp53) with LS and dynamic light scattering (DLS). Our results suggest that RNA plays dual roles in p53C aggregation depending on the RNA:protein ratio. It induces large amorphous aggregate formation at a low (1:50) RNA:protein ratio. In contrast, at a higher ratio (1:8 or higher), RNA shows a distinct inhibitory effect on the aggregation of p53C. We, therefore, speculate that RNA has a profound influence on the abundance and function of the tumor suppressor protein in the cell.
Results

Aggregation of p53C under different conditions
The ability of p53C to form aggregates both in vivo and in vitro has been demonstrated previously (5, 17, 18, 30 -33) . The kinetics of p53C aggregation without agitation was primarily studied by monitoring the increase in light scattering at 400 nm (LS) as a function of time. The LS versus time curves exhibited classical nucleation-growth kinetics ( Fig. 2A ). Initially, a slow lag phase was observed where the unfolded/misfolded proteins accumulate until sizable seeds are formed. This is then followed by an exponential phase associated with a fast increase of the LS signal, indicating rapid particle growth. When the aggregates approached optimal size the LS signal plateaued. Prolonged incubation (Ͼ2000 s) of higher protein concentrations led to a gradual decrease in intensity, indicating the precipitation of the larger aggregates (data not shown).
We followed the kinetics of p53C aggregation at different protein concentrations and temperatures. In agreement with previous data (34) , increasing protein concentrations facilitated p53C aggregation, which was associated with gradual shortening of the lag phase and an increased rate and amplitude of the exponential phase ( Fig. 2A ). Following previous reports on the kinetic instability of p53C at physiological conditions (16), we then tested the aggregation profile of p53C in a temperature range between 16 and 40°C ( Fig. 2B ). No significant increase in LS was observed up to 30°C, even after extended periods of incubation. At 34°C, a small increase in LS was observed after 80 min of incubation. However, a significant gain in LS was recorded at 37°C, reaching a maximum amplitude after approximately 1 h. At 40°C, the aggregation of p53C was even greater, with a higher rate and a shorter lag phase.
Effect of RNA on p53C aggregation followed by light scattering
To study the role of RNA in p53C aggregation, soluble p53C was incubated at 37°C for 90 min in the absence and presence of the RNAs of different sequences and origin in varied concentrations. The level of aggregation was estimated by recording LS at the end of the incubation period. The RNAs tested were the Starting from the N terminus, the transactivation domain (TAD) (red) is followed by the proline-rich region (PRR) (yellow), central core domain (p53C) (green), tetramerization domain (TD) (blue), and regulatory domain (RD) (light brown).
in vitro transcribed domains V, IV, and II of the 23S ribosomal RNA of Escherichia coli (referred to as dom V/IV/II rRNA), the central-loop region of domain V of Bacillus subtilis 23S rRNA (referred to as RNA1), and the mRNAs encoding E. coli dihydrofolate reductase (DHFR mRNA), green fluorescent protein ϩ (GFPϩ mRNA), and human carbonic anhydrase I (HCA mRNA). Bulk-tRNAs isolated from E. coli MRE600 were also used, and as a control, we tested free ribonucleoside triphosphates (rNTPs), double-stranded DNAs encoding p53C and GFPϩ, and an 82-nucleotide-long single-stranded DNA.
Almost all the RNAs tested here affected p53C aggregation in a concentration-dependent manner (Fig. 3A ). The addition of RNAs of low concentration (with a final RNA:protein ratio of 1:50) resulted in a 1.5-2-fold increase in the LS intensity compared with the no-RNA sample (Fig. 3A) . Conversely, with an increasing RNA:protein ratio, all RNAs gradually suppressed p53C aggregation below the level of p53C alone, evidenced by the decrease in LS intensity. The efficacy of the suppression of p53C aggregation varied among the RNAs. Although dom V of the 23S rRNA was the most effective suppressor of p53C aggregation, bulk-tRNAs had the least impact. It appeared that comparatively higher concentrations of the shorter RNAs were necessary to achieve the same level of suppression as that with the longer RNAs. Free ribonucleotides, however, did not show any influence on p53C aggregation, even at much higher concentrations ( Fig. 3B ). Furthermore, the addition of doublestranded DNA (dsDNA) did not suppress, but rather stimulated p53C aggregation ( Fig. 3B ). Single-stranded DNA (ssDNA), of length comparable to tRNA, also led to increase in p53C aggregation ( Fig. 3B ). However, at concentrations equal to the highest tested concentration for tRNA, ssDNA only reduced p53C aggregation to its native level. These results altogether indicate that the suppression of p53C aggregation is an activity specific to RNA. Finally, the suppressive effect of the RNAs could be completely reversed by RNase A treatment before p53C addition ( Fig. 3C ). Considering that the secondary structure mod- 
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eling of our single-stranded sequences predicted a mixture of duplex and single-stranded regions for all RNAs (Fig. 4 ), our results suggest that only structured RNA can effectively reduce p53C aggregation.
The effect of RNA on p53C aggregation was further investigated by following the kinetics of p53C aggregation in the presence of dom V rRNA and DHFR mRNA, where the increase in LS was followed over time. As shown in Fig. 2 , C and D, at a higher RNA:protein ratio (Ն1:8), both RNAs led to a substantial decrease in the rate and amplitude of aggregation, with the final amplitude being ϳ16% of that for p53C incubated without RNA. On the other hand, when p53C was incubated with a six times lower RNA concentration (RNA:p53C ϭ 1:50), the extent of p53C aggregation increased, and the initial lag phase was reduced to a large extent.
We also investigated the effect of salt on the aggregation of p53C in the presence and absence of RNA (Fig. 2, E and D) . For both KCl and NaCl, the increase in salt concentration coincided with a decrease in protein aggregation in the absence of nucleic acids. When RNA was present, an increase in aggregation was observed up to 60 mM salt, which was then followed by a significant decrease.
Effect of RNA on p53C aggregation followed by intrinsic fluorescence
Protein p53C contains a single tryptophan and eight tyrosine residues, all of which contribute to the intrinsic fluorescence of the protein. Changes in the polarity of the environment of these aromatic residues alter the fluorescence emission spectrum of the protein (35) . Probing for those spectral changes is an approach often used as a measure of conformational rearrangements. We recorded the fluorescence spectra of p53C in the native, denatured, and aggregated states (Fig. 5D ). The denatured state was achieved by incubating p53C overnight in 8 M urea at 37°C. The aggregated state was produced by incubating p53C at 37°C for 3 h.
Similar to the full-length protein (36) , native p53C exhibited a tyrosine-dominated emission spectrum with an emission maximum at 305 nm (excitation: 280 nm) ( Fig. 5D ). The tryptophan contribution to the spectrum was at that stage unde- tectable and only appeared with the progression of denaturation. The tyrosine contribution to the spectrum decreased moderately in the aggregated state and significantly in the denatured state ( Fig. 5D ). Aggregated p53C displayed a pronounced, tryptophan-dominated peak at 335 nm (5, 18, 37) . In comparison, the fluorescence peak for the denatured state was of reduced intensity and significantly red-shifted, with an emission maximum at 356 nm. The distinctive spectral features of the three p53C states allowed for the application of intrinsic fluorescence as a secondary probe to study the kinetics of p53C aggregation ( Fig. 5 , A-C). As suggested by Fersht and co-work-ers (36) , fluorescence emission at 340 nm (F 340 ) is characteristic of high-order molecular interactions between p53C species and can be used as a quantitative tool for aggregation.
To complement our LS data, the time course of p53C aggregation was studied by following F 340 after excitation at 280 nm. Soluble p53C was incubated at 37°C alone or with two concentrations (0.1 M (low) and 0.6 M (high)) of three different RNAs: dom V rRNA, DHFR, and GFPϩ mRNAs. Similar to our LS data, F 340 increased exponentially after a short lag phase and, for the no-RNA samples, reached a plateau at ϳ2000 s ( Fig. 5 , A-C). The fluorescence intensity at the plateau was compara- ble to the steady state measurements (Fig. 5D ), indicating that the highest aggregation was achieved. Our LS experiments suggested a suppressive role of RNA in p53C aggregation ( Fig. 3 ). In agreement with that, only a small increase in F 340 was recorded when p53C was incubated in the presence of high concentration of the RNA (RNA:protein ϭ 1:8). This result confirmed that RNA can effectively reduce the rate and extent of p53C aggregation. In contrast to LS data, low RNA concentrations did not alter the fluorescence emission significantly. In the presence of 0.1 M RNA, the F 340 gain was only marginally faster than when p53C was incubated alone. This obvious discrepancy between the two data sets stems from the fundamental difference between the two experimental approaches. Unlike light scattering, fluorescence intensity does not depend on particle size but only on the concentration of the fluorophore. Therefore, a lower RNA concentration promotes the formation of larger aggregates but does not affect the overall amount of aggregated protein. Our F 340 kinetic data also indicate that p53C oligomerization commences within seconds after the protein is exposed to physiological temperature.
Characterization of p53C aggregation by cryo-TEM, thioflavin T fluorescence, and anti-amyloid dot-blot assay
Cryo-TEM is a well established microscopic approach allowing for size characterization and identification of protein aggregates of different morphologies (38) . To study the effect of RNA on the morphology of p53C aggregates, we performed cryo-TEM on p53C (5 M) samples incubated at 37°C in the absence and presence of low (0.1 M) and high (0.6 M) concentrations of dom V rRNA or DHFR mRNA. Scattered, amorphous aggregates, varying in shape and size but larger than 500 nm on average, were clearly visible in the p53C no-RNA sample (Fig. 6A , 0 M dom V rRNA). Similar in morphology, large aggregates were produced in the presence of RNA in low concentration ( Fig. 6A , 0.1 M dom V rRNA). By contrast, even after extended incubation periods, we could not detect any aggregates when a high concentration of RNA was used ( Fig. 6 , A and B, 0.6 M dom V rRNA). Notably, no fibrillar aggregates were observed under our experimental conditions. These data served as a visual demonstration of the dual effect of RNA on p53C aggregation, which was facilitated and suppressed at low and high RNA concentrations, respectively.
In addition, we examined the ability of p53C aggregates to bind thioflavin T (ThT), a dye commonly used in protein aggregation studies that is known to interact with amyloid oligomers and fibers but not with amorphous aggregates (39) . When in contact with amyloid aggregates, ThT emits a distinct fluorescence signal (at ϳ486 nm) upon excitation at 446 nm. Similar to LS, ThT fluorescence increased with higher protein concentrations, suggesting that p53C aggregation leads to the formation of amyloid species (Fig. 7A) . Once again, a shortening of the lag phase was observed with a gradual increase in protein concentration. Unlike LS, however, the saturation of ThT emission was reached at a much earlier stage. The affinity of ThT to purine oligoribonucleotides (40) unfortunately hindered the application of this probe in the presence of RNA. To circumvent nucleic acid interference, we resorted to the application of conformation-specific antibodies in the form of a dot-blot immunoassay. A11 is an antibody reported to selectively recognize soluble amyloid oligomers and prefibrillar aggregates independent of amino acid sequences (41, 42) . The antibody does not recognize native protein or mature fibrils and is only specific to a surface epitope displayed by amyloid-like oligomeric species. To verify the nature of p53C aggregates produced in the absence or presence of both high and low RNA concentrations, we performed immunoblots with A11 antibody on samples generated after several hours of incubation at 37°C. p53C alone produced very little signal. In comparison, all RNA-containing samples showed strong positive signals (Fig. 7B) , indicating the formation of oligomeric species of amyloid nature. Samples incubated with a higher RNA concentration produced the highest signal. This result implies that higher RNA:protein ratio promotes the formation of amyloid oligomers of p53C but prevents the accumulation of large aggregates as suggested by LS and TEM.
Although LS and TEM revealed extensive, amorphous aggregation in the presence of lower RNA concentrations, a positive A11 signal was observed for those samples as well. When we quantified the dot blot data, the most pronounced A11 reading (37.7% of the transthyretin standard) was produced by the 1:8 RNA to protein ratio. The low RNA and no-RNA samples were quantified at 16.7% and 5.1%, respectively. Collectively, our data indicate heterogeneous aggregation of p53C in the presence of low concentrations of RNA.
Seeding of p53C aggregation by amyloid oligomers formed in the presence of RNA
Our observations on the formation of amyloid oligomers, but not mature fibrils, of p53C prompted us to probe whether these can act as seeds for further aggregation. To that end, we designed a modified seeding experiment, where we incubated p53C with no RNA and with low and high concentrations of RNA at 37°C. The samples were then RNase-treated and subsequently centrifuged to remove any remaining large aggregates. A fraction of the supernatant (5% of total sample volume) was then added to a fresh p53C dilution, and the aggregation kinetics was followed with LS. Fig. 7C shows that the inocula derived from the no-RNA and low-RNA reactions had almost no effect on the aggregation kinetics of p53C. By contrast, the inoculum from the p53C reaction with a high concentration of RNA accelerated the aggregation of the protein. This result suggests that in the presence of higher RNA concentrations p53C forms seed-like, oligomeric species that can promote the aggregation of p53C alone by shortening the lag phase and effectively eliminating the nucleation event.
Aggregation of FLp53 with RNA
To understand the biological significance of our results with p53C, we have tested whether RNA can influence the aggregation of FLp53. A time course of the LS measurements shows that FLp53 alone follows rather slow aggregation kinetics ( Fig.  8 ). Similar to p53C, FLp53 aggregation also has three phases, but the lag phase is very short, and the late exponential phase takes much longer than p53C. When dom V rRNA (or DHFR mRNA; data not shown) was added in the reaction, the rate of aggregation accelerated dramatically (Fig. 8 ). The LS values reached a plateau within a minute after the manual mixing time and then decreased gradually, probably due to precipitation of the large FLp53 aggregates. The hydrodynamic radii (R h ) measured at the end points of the reactions with DLS supported the observation ( Table 1 ). The FLp53 aggregates formed in the presence of the RNAs were largely polydiverse with R h values more than two times larger than that of FLp53 alone. Thus, our results demonstrate that RNA can modulate the aggregation of FLp53. However, further experiments will be required to check whether, similar to p53C, RNA can also inhibit aggregation of FLp53 under specific conditions.
Discussion
Over the last decade evidence has been accumulating in support of the hypothesis that various non-protein macromole-cules are involved in prion formation and propagation (43, 44) . Of the numerous possible adjuvants, nucleic acids have successfully been identified as the interaction partners of many disease-related proteins (24, (45) (46) (47) . We previously showed that the RNA-mediated protein folding activity of the ribosome (48, 49) is a specific target for the anti-prion compounds 6-aminophenanthridine and guanabenz acetate (50 -53) . At the same time, it has been demonstrated that certain oligonucleotide sequences counteract prion infectivity ex vivo and in vivo (54) . It is then obvious that an in-depth study of the role of DNA/RNA in protein folding-misfolding-aggregation is essential to uncover the underlying principles of degenerative proteinopathies and, in this way, the therapeutic potential of nucleic acids.
In line with earlier reports (5, 36) , we found that p53C aggregation in vitro is highly dependent on protein concentration and temperature. A concentration of at least 3 M and a temperature above 30°C are required to promote p53C aggregation without agitation within our experimental timeframe (Fig. 2, A  and B) . Our cryo-TEM images revealed that p53C spontaneously forms large, amorphous aggregates at 37°C and physiological pH (Fig. 6, 0 M dom V rRNA) . On the other hand, the increase in the ThT fluorescence signal under identical experimental conditions suggests that p53C can adopt alternative amyloid-like aggregation (Fig. 7A ). While fibrillar structures could not be seen (Fig. 6 ), the generation of amyloids of a size below our detection limit cannot be excluded. These results are in good agreement with earlier indications of p53C producing a complex mixture of amorphous, oligomeric, and fibrillar aggregates (20) . Interestingly, our dot-blot result indicated that p53C alone does not form much oligomeric amyloid species (Fig. 7B) . This observation was consolidated by our seeding experiment (Fig. 7C ), which demonstrated that supernatants from a p53C (no RNA) aggregation reaction did not facilitate the de novo aggregation of the protein. We, therefore, conclude that p53C, at physiological temperature and pH, in at least M concentration forms a heterogeneous mixture of predominantly amorphous aggregates.
The presence of RNA appears to largely influence the aggregation of p53C. While a low RNA:protein ratio (RNA:p53C Յ 1:50) facilitated the formation of large aggregates (Fig. 6, 0.1 M  dom V rRNA) , an increase in the RNA concentration led to a gradual and substantial decrease in p53C aggregation (Figs. 3A  and 6 ). At a molar ratio of 1:5 or 1:8 between RNA and p53C (referred to as high RNA concentration), protein aggregation was minimal, and almost no particles could be detected by TEM (Fig. 6, 0.6 M dom V rRNA) . To understand whether our obser- vations with p53C are of biological significance, we studied FLp53 aggregation with or without two different RNAs. We found that RNA accelerated FLp53 aggregation substantially (Fig. 8) . To our knowledge, this is the first report on RNA influence on p53C and, more importantly, FLp53 aggregation. The effect of RNA on p53C aggregation could be reproduced with various RNAs of different origin, sequence, and cellular function, indicating that the p53C-RNA interaction is not dependent on specific nucleotide sequences. However, the facts that this effect could be abrogated by RNase treatment and that rNTPs did not influence p53C aggregation suggest that the suppression of p53C aggregation requires intact RNAs with folded structures. In addition, our results imply that there could be a size cut-off for RNA to be an effective modulator of p53C aggregation. For shorter RNAs, such as RNA1 and tRNAs, a higher concentration was necessary to achieve the same level of aggregation suppression compared to the larger RNAs, such as dom V rRNA and DHFR mRNA (Fig. 3A) . Moreover, equimolar concentrations of double-stranded DNA (GFPϩ and p53C), lacking the consensus sequence required for specific p53 binding, did not interfere with p53C aggregation. On the contrary, increasing concentrations of DNA appeared to stimulate aggregation (as measured by LS; Fig. 3B ). Single-stranded DNA initially increased the LS signal produced by p53C aggregates (Fig.  3B ). However, a ssDNA:protein ratio of 2:1, equal to the highest tRNA concentration tested, only reverted p53C aggregation to its native level, thereby emphasizing the unique, suppressive effect of RNA on the aggregation of p53C. At this stage, our data on the role of metal ions and different salts in this process remain inconclusive and in need of elaboration.
When comparing the LS kinetics of p53C aggregation with those obtained by fluorescence, a discrepancy between the two sets of data was detected. While LS was increased rapidly in the presence of the lower RNA concentration (Fig. 2, C and D) in relation to the no-RNA sample, almost no change in the kinetics of the two samples was recorded with F 340 (Fig. 5, A-C) . Furthermore, our TEM images displayed large amorphous aggregates of p53C with a low concentration of RNA, similar to the no-RNA sample (Fig. 6 , 0 and 0.1 M dom V rRNA), whereas the dot-blot assay indicated the presence of amyloid oligomers (Fig. 7B) . As discussed previously, the discrepancy between the two kinetic datasets is most likely an attribute of the mechanistic differences in signal acquisition between the two approaches. While LS is a function of both amount and size of dispersed particles, intrinsic fluorescence depends entirely on the concentration of signal-inducing fluorophores. Consequently, nanomolar concentrations of RNA do not necessarily induce a higher extent of p53C aggregation but likely lead to the formation of larger-in-size aggregates (as seen by TEM; Fig. 6 ). Altogether, our data suggest that in the presence of a low RNA concentration, p53C forms both large amorphous aggregates and amyloid oligomers, the former being the predominant species and likely incorporating the latter (Fig. 9 ). It therefore seems plausible that RNA at a low RNA:protein ratio aids the process of amorphous aggregation of p53C.
Inversely, high (micromolar) concentrations of RNA showed a strong, preventive effect on the amorphous aggregation of p53C, as demonstrated by LS (Fig. 3A) , intrinsic fluorescence ( Fig. 5, A-C) and TEM (Fig. 6) . At a high concentration, RNA appears to predominantly stimulate the formation of small, oligomeric species of amyloid nature (Fig. 7B ) that are capable of seeding the de novo aggregation of p53C ( Figs. 7C and 9 ). This newly discovered role of RNA is highly intriguing, although the exact interpretation will require many more experiments. One possible explanation is that the binding of p53C to RNA likely occludes the protein-protein interaction interface, thereby limiting the available aggregation pathways and/or inducing structural perturbations that affect the kinetic stability of the bound species (55) . With their large surface area and charge, structured RNAs might act as globular nanoparticles, which have been shown to enforce significant changes in the structure of bound proteins, in some cases suppressing aggregation, and in other cases, inducing fibrillation (56, 57) . This premise can explain why longer RNAs are more effective modulators of p53C aggregation than shorter ones (Fig. 3A) . Perhaps, below a certain size, RNA cannot form an adequate globule and fails to prevent aggregation, regardless of the concentration. Similar to polyphosphate chaperones (58) , the polyanion RNA chain could also act as a chemical scaffold for the intrinsically unstable and aggregation-prone p53C, favoring local, proteinprotein interactions and preventing long-distance ones. In this context, it is worth mentioning that rRNA has been shown to facilitate protein folding (48, 59, 60) as well as to prevent aggregation of partially folded protein intermediates (61) . The parallels between the preventive role of RNA in p53C aggregation and protein folding activity of rRNA (53, 62) remain to be elucidated.
The distinct aggregation propensity of p53 is likely one of the many facets of its regulatory network. It has been proposed that the prion-like effect of aggregated p53 can be associated with tumor formation and malignancy (63) . FLp53 is known to interact with different p53 isoforms (8, 64) . Some of these isoforms, ⌬133p53␤, ⌬133p53␥, ⌬160p53␤, and ⌬160p53␥, are often altered in cancer cells (65, 66) , implying their significance for cancer development. Although p53C is not exactly similar to the disease-related p53 isoforms described to date, isoforms ⌬133p53␤ and ⌬133p53␥ retain almost the entire p53-DNA binding domain present in p53C; compared with p53C, they lack 39 N-terminal amino acid residues but possess an extra 29 and 34 C-terminal residues, respectively (7) . Additionally, they show comparable overall charges (pI 8.83 for p53C, 8.04 for ⌬133p53␤, and 8.33 for ⌬133p53␥). Therefore, we expect that the interaction of RNA with these p53 isoforms would not be substantially altered in comparison with p53C. Thus, our observations with p53C and FLp53 as model systems can add valuable insights concerning the aggregation of p53 and its isoforms in the cell.
In conclusion, with its general impact on p53C aggregation, particularly on amyloid-like oligomerization, RNA appears to be a key modulator of this process. Studies on the aggregation of p53 isoforms and co-aggregation with FLp53 (mutant and WT forms) as well as p53 paralogs (p63 and p73) in the presence of RNAs could provide fundamental information on cancer pathogenesis and progression. Because amyloid oligomers have been identified as the likely precursors and prevalent constituents of p53 aggregates in vivo (30) , the potential role of non-
The role of RNA in the aggregation of p53C
coding RNAs as modulators for p53 aggregation in the cell should not be overlooked.
Experimental procedures
Protein expression and purification
Wild-type human FLp53 and p53C (corresponding to CCD, residues 94 -312) were overexpressed in E. coli BL21(DE3) from plasmid clones using the vectors pET15b and pET11a (Novagen), respectively. p53C purification was performed as described by Bullock et al. (36) . FLp53 overexpression was induced with 0.75 mM isopropyl 1-thio-␤-D-galactopyranoside at an A 600 of 0.6 after supplementing the medium with 0.02 mM ZnSO 4 . The cells were grown overnight at 15°C before harvesting by centrifugation. The cell pellets were resuspended in lysis buffer (50 mM Tris-HCl, 50 mM NaCl, 5 mM dithioerythrol and 5% glycerol (v/v), pH 7.2) supplemented with 1 mM PMSF and a protease inhibitor mixture from Roche Applied Science. The suspension was sonicated on ice for cell lysis. FLp53 was purified from the cleared lysate using ion exchange (SP-Sepharose) followed by a Superdex 75 gel filtration column. Protein samples were stored in 50 mM Tris-HCl, pH 7.2, 150 mM NaCl, 5 mM dithioerythrol, and 5% glycerol (v/v) at Ϫ80°C.
RNA and DNA sequences
All RNAs used here were produced by T7 transcription in vitro (67) from the corresponding linear DNA templates. The templates for domains V, II, and IV of the 23S rRNA (E. coli) were produced by PCR amplification of the respective gene sequence from a linearized DNA cassette generated from the plasmid pGEM4Z containing the full-length, E. coli 23S rRNA sequence (60) . Similarly, the template for RNA1, the 337-nucleotide long, central-loop fragment of dom V of 23S rRNA Figure 9 . Aggregation scheme of p53C with and without RNA. On its own, p53C spontaneously forms large, heterogeneous aggregates under physiological conditions in vitro (no-RNA aggregation scenario). RNA serves as a scaffold for the aggregation-prone p53C molecules, increasing the chance of amyloid-like aggregation by providing the spatial and energetic requirements for specific protein-protein interactions (both low-and high-RNA:protein scenario). With increasing RNA concentrations, the equilibrium shifts toward amyloid oligomerization (high RNA:protein scenario). Such oligomers could function as seeds, nucleating the de novo aggregation of the protein (dotted line).
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(B. subtilis) was PCR-amplified from a plasmid pDK106 (59) . The templates for HCA, DHFR. and GFPϩ mRNAs were generated from their respective plasmid clones (pET24b). Bulk-tRNA was isolated from E. coli as described in Holm et al. (68) . GFPϩ dsDNA was generated through PCR amplification as described above. The same procedure was adopted for the production of p53C dsDNA from the plasmid clone encoding the WT p53C sequence. The 82-nt-long ssDNA oligonucleotide sequence (TACCGTTGGCGCGGGCGTTGTAGCAAAAGT-TCTGAGCTAAAAACAGTAATACAAGGGGTGTTATGA-GCCATATTCAACGGGA) was purchased from Sigma. None of the DNA sequences contained typical p53 consensus binding sites (PuPuPuC(A/T)).
p53C aggregation and denaturation
For aggregation reactions, p53C samples (final concentration: 4.5 M, unless otherwise mentioned) were incubated in 50 mM Tris-HCl, pH 7.5, 10 mM NaCl, 5 mM dithioerythrol, and 5% glycerol (v/v) at 37°C without agitation. FLp53 aggregation was performed under identical conditions at 3 M protein concentration. For cryo-TEM, the sample buffer did not contain glycerol. The protein stocks were cleared by spinning at 14,000 rpm for at least 30 min before the experiments. For equilibrium aggregation, p53C was incubated at 37°C for 1.5 h. To acquire the denatured state, fresh p53C was incubated in 6 M urea overnight at 37°C.
LS and fluorescence measurements
Spectroscopic measurements were conducted using a Hitachi F-7000 steady state fluorescence spectrophotometer fitted with a Julabo F25-ME temperature-controlled circulating water bath. For LS measurements, the samples were excited at 400 nm, and the emission was recorded at the same wavelength. Tyrosine/tryptophan-based fluorescence experiments were performed with an excitation at 280 nm and emission at 340 nm. The emission spectra were recorded between 300 and 420 nm. For ThT measurements, the excitation and emission wavelengths were 446 nm and 486 nm, respectively. The final ThT concentration was 115 M. p53C aggregation kinetics were performed at 37°C. In all cases the background scattering/fluorescence contribution by nucleic acids was measured in the absence of p53C and was then accounted for in the final data. Using a 10-mm path-length cuvette, the fluorescence emission and absorption of 0.6 M RNA samples were collected and fitted in the equation for the inner filter effect correction (35), where F observed and F corrected are the observed and corrected fluorescence intensity values, respectively, and Abs ex and Abs em are the absorbance values at the excitation and emission wavelengths, respectively.
Dynamic light scattering
The size distribution and R h of Flp53 samples after each aggregation kinetics were evaluated using the DynaPro Nanostar system (Wyatt) equipped with a 630-nm laser at 25°C. The size distribution graph expressed the individual populations identified with their specific polydispersity values and R h values presented in Table 1 , corresponding to the mean of 10 cumulants for each measurement (average from all the populations identified in each sample).
Cryo-transmission electron microscopy
Cryo-TEM analysis was performed using a Zeiss TEM Libra 120 instrument (Carl Zeiss NTS, Oberkochen, Germany) operated at 80 kV in the zero-loss bright-field mode. Digital images were recorded under low-dose conditions using a TRS slow scan CCD camera system (TRS GmbH, Moorenweis, Germany) and iTEM software (Olympus Soft Imaging Solutions GmbH, Münster, Germany). An underfocus of 1-3 m was used to enhance the contrast. Samples were prepared in a climate chamber with the temperature fixed at 25°C and relative humidity close to saturation as described in Almgren et al. (69) . p53C protein (4.5 M) was incubated at 37°C without or with various RNAs for 2 h to achieve equilibrium aggregation. A small droplet removed from each aggregation reaction was added on a copper grid-supported, perforated, polymer film covered with thin carbon layers on both sides. The droplet was then blotted with filter paper to allow thin film formation (10 -500 nm) over the perforations in the polymer film. Immediately after blotting, the samples were vitrified by plunging them into liquid ethane kept just above its freezing point. Samples were kept below Ϫ165°C and protected against atmospheric conditions during transfer to the TEM and examination.
Dot-blot assay
p53C samples with a final concentration of 15 M were incubated at 37°C for 2 h either alone or in the presence of DHFR mRNA or dom V rRNA in a 1:50 and 1:8 RNA-to-protein ratio. The whole-sample volume was loaded onto an activated and semi-dry PVDF membrane. The membrane was blocked with TBS-T (10 mM Tris-HCl, 150 mM NaCl, pH 8.0, 0.1% Tween 20) containing 5% nonfat milk for 1 h at room temperature, after which it was incubated for 18 h at 4°C with the primary antibody A11 (rabbit, polyclonal antibody, producer: Invitrogen, catalogue number AHB0052) at a 1:1000 dilution. The membrane was then washed with TBS-T and incubated with a HRPconjugated secondary antibody at a dilution of 1:3000 in TBS-T with 5% nonfat milk for 1 h at room temperature. After several TBS washes, the membrane was developed using an ECL kit (Bio-Rad). We used RNA, bovine serum albumin, and soluble p53C as negative controls and the amyloidogenic protein transthyretin as a positive control (ProSpec-TechnoGene Ltd.). Dot-blot quantification was performed using Image Lab Software (version 5.2.1, Bio-Rad) following the manufacturer's protocol.
Seeding experiments
For seeding experiments, p53C samples (4.5 M) aggregated at equilibrium (without and with RNA) were treated with 5 M RNase A (Thermo Fisher Scientific) for 2 h at 37°C. The samples were then centrifuged at 14,000 rpm for 30 min to remove all large aggregates. A 20-fold dilution of the resulting supernatant was then added to the new p53C samples (4.5 M), and the aggregation kinetics was followed in the fluorimeter by measuring LS against time at 37°C.
Nucleic acid secondary structure prediction
The secondary structure maps for all rRNAs used in this study were procured from the rRNA secondary Structures (RibosomeGallery) database (see Ref. 70 ). The secondary structures for all other single-stranded polynucleotide sequences (DHFR mRNA, GFPϩ mRNA, HCA mRNA, and ssDNA) were generated using the Vienna RNA websuite (71) . 
